Following complete global cerebral ischemia and reperfusion, a brief period of reactive hyperemia is followed by a prolonged period of low flow commonly referred to as the delayed postischemic hypoperfusion state. It is generally assumed that this low-flow state may be injurious because of inadequate substrate delivery, thus implying that flow is no longer coupled to metabolic needs. This relationship of CBF to CMR02 was examined in six anesthetized dogs that were subjected to 12 min of complete ischemia induced either by CSF compression or aortic occlusion. Following reperfusion and onset of the low-flow state, which stabilized at 45 min postischemia, control normothermic (37°C) measurements of CBF and CMR02 were determined. Thereafter, femoral arterial
The occurrence of a delayed postischemic hypo perfusion state following complete global cerebral ischemia is a well-recognized phenomenon that has been described in both experimental animals (Steen et a\., 1978; Siesjo, 1981; Hossmann, 1982) and in humans (Beckstead et aI., 1978) . It is commonly assumed that this low-flow state is pathologic and may contribute to ultimate neuronal dysfunction. Such an assumption implies that substrate delivery is inadequate to meet metabolic needs; thus, the normal coupling of CBF to CMR02 must be dis rupted by the ischemic insult.
As yet, there is no direct evidence that the post ischemic low-flow state does contribute to neuronal blood was circulated through a heat exchanger (42.5"C), and brain temperature was increased to 40°C and mea surements were repeated. The brain was then cooled back to 37°C for a final set of normothermic measure ments. Thereafter, brain biopsies were taken to deter mine the energy state of the brain. CMR02 changed �6%/oC. CBF paralleled the change in CMR02. Accord ingly, the ratio of CBF to CMR02 remained constant throughout at a value of 8 to 9, demonstrating maintained coupling. The brain energy state was normal at the end of the study. The authors conclude that postischemic CBF is modulated by the brain's metabolic needs. Key Words: Cerebral blood flow-Cerebral ischemia-Cerebral me tabolism-Postischemic hypoperfusion.
dysfunction. LaManna et al. (1988) found no corre lation between the magnitude of the hypoperfusion state and the neurologic outcome in a canine study. In a previous study, we demonstrated by indirect means apparent maintained coupling of CBF to CMR02 in the postischemic period (Michenfelder and Milde, 1990) . In that study, postischemic CMR02 in individual dogs was varied by altering the duration of ischemia; the relationship of post ischemic CBF to CMR02 then was examined. In the present study, we directly manipulated postisch emic CMR02 by altering brain temperature and ex amined the relationship of CBF to CMR02 as CMR02 changed.
METHODS
The protocol was reviewed and approved by the Insti tutional Animal Care and Use Committee. Subjects were nine unmedicated mongrel dogs of either sex (14 ± 2 kg). Anesthesia was induced in a plexyglass box using 2-4% inspired halothane. Muscle paralysis was produced with intravenous pancuronium, 0.1 mg/kg, and maintained with 0.05 mg/kg/h. Following tracheal intubation, the an-imals were mechanically ventilated with a Harvard pump to produce a Paco2 near 40 mm Hg. Inspired oxygen was mixed with nitrogen and the concentration was adjusted to maintain Pao2 at 12<l--160 mm Hg. Expired concentra tions of oxygen, carbon dioxide, and halothane were monitored with a mass spectrometer (Perkin-Elmer 1 100 Medical Gas Analyzer). Anesthesia was maintained with halothane, 0.87% end-expired [the minimum alveolar concentration (MAC) for halothane anesthesia]. Cannu lae were placed into a saphenous and femoral vein for drug and fluid administration and into both femoral arter ies for blood sampling, for monitoring MABP, and for access to permit withdrawal of blood into a reservoir or through a heat exchanger. Sodium bicarbonate was given as necessary to maintain buffer base (BB +) near 40 mEql L. Normal saline solution was given intravenously at a rate of 8-10 mllkg/h. In all dogs, the sagittal sinus was exposed, isolated, and-after heparinization (30(}...4 00 UI kg i. v.)-cannulated as previously described (Michen felder et a!., 1968) . This technique permitted direct mea surement of CBF by a square wave electromagnetic flow meter (EP 300 API, Carolina Medical Electronics) from the anterior, superior, and lateral portions of both hemi spheres, which, in normal dogs, represents �54% of the total brain weight (Takeshita et a!., 1972) . Intracranial pressure (ICP) was measured using an epidural fiber-optic device (LADD Research Industries, Inc.) coupled to a recorder (Gould Model ES 1000). Following placement of the ICP probe and a parietal epidural thermistor, the cra nium was rigidly closed using Surgicel (Johnson & Johnson) and Super Line adhesive (Rawn Company). Brain and body temperature (esophageal thermistor) were maintained near 37°C with heat lamps and blankets. The ECG was recorded from two needle electrodes placed in the forelimbs. A four-lead, two-channel bifrontal and bi parietal EEG was recorded from platinum electrodes glued to the skull. Arterial and sagittal sinus blood gases were determined by electrodes maintained at 37°C (In strumentation Laboratory, Lexington, MA, U.S.A.). Blood oxygen contents were calculated from measure ments of oxyhemoglobin concentrations (CO-oximeter, IL 482) and oxygen tensions. These measurements per mitted calculation of the CMR02 as the product of CBF and the arterial-sagittal sinus blood oxygen content dif ference. Cerebral perfusion pressure (CPP) was calcu lated as the difference between MABP and ICP. Cerebral vascular resistance (CVR) was calculated as the quotient of MABP and CBF. Blood glucose and lactate levels were determined by a membrane bound enzyme technique (YSI Model 23A glucose and lactate analyzers). At glu cose concentrations of 5<l--300 mg/dl, this method has a bias standard deviation of 2.9 mg/dl (YSI model 23A spec ifications, Yellow Springs Instrument Co, Inc., Yellow Springs, OH, U.S.A.).
In six of the nine animals, preparations were made to induce 12 min of complete cerebral ischemia using one of two methods: either aortic occlusion (stagnant ischemia) or CSF compression (bloodless ischemia). We previously had reported no differences between the two methods regarding postischemic CBF, CMR02, and neurologic outcome (Lanier et a!., 1988) . Both methods were used in this study to provide postmortem basilar artery segments for a separate study designed to compare the in vitro smooth muscle reactivity of cerebral arteries exposed to the two ischemic methods. Both methods of producing J Cereb Blood Flow Metab, Vol. 11. No.4, 1991 ischemia have been described in detail (Steen et a!., 1978; Lanier et a!., 1988) . For bloodless ischemia, catheters were inserted into the cisterna magna and the lumbar sub arachnoid space in three dogs in order to permit infusion of mock CSF (at 37°C) under pressure. Hemorrhagic hy potension to 60 mm Hg systolic was first produced by withdrawing arterial blood into a reservoir. Thereafter, the cisternal CSF pressure was rapidly (within 3-5 s) in creased to a level 20 mm Hg greater than the systolic blood pressure by infusing subarachnoid mock CSF. At the end of 12 min, the shed blood was reinfused and the CSF pressure was abruptly decreased to near atmo spheric pressure by opening the subarachnoid conduits to air. For stagnant ischemia, a right thoracotomy was per formed in three dogs. Tapes were placed about both ve nae"cavae and the ascending aorta. Ischemia was induced by initial occlusion of the venae cava followed in 10 s by aortic occlusion. After 12 min, the tapes were released in the same sequence. In all six animals, anesthesia was discontinued following the onset of ischemia and an iso electric EEG, since dogs remain comatose in the absence of anesthetics for at least 3 h following 12 min of isch emia. Thus, the potential confounding effects of anesthet ics can be humanely avoided. At the end of the ischemic period, the blood pressure was supported as needed with a norepinephrine infusion.
In the remaining three dogs, the surgical preparation for CSF compression and for measuring CBF was per formed but no ischemia was induced. Thereafter, they were monitored for the same time period as the experi mental animals that had been made ischemic in order to provide sham-operated non ischemic control measure ments as well as basilar artery segments for separate in vitro studies. In all nine animals at the end of the study, the cerebral cortex was exposed and bilateral biopsies were taken for subsequent measurement of brain metab olites. Biopsies of 20(}...4 00 mg were obtained from the parietal cortex using a suction device that deposits a core of brain tissue into liquid nitrogen within 1 s (Kramer et a!., 1968) . Following biopsy, the animals were exsangui nated, the basilar artery segments were harvested, and the total brain weight was determined (range = 7<l--85 g).
Brain tissue extracts were subsequently analyzed with enzymatic fluorometric methods for phosphocreatine, ATP, ADP, AMP, glucose, lactate, and pyruvate (Lowry and Passonneau, 1972) . The sum of adenine nucleotides was calculated as L (Ad) = (ATP) + (ADP) + (AMP). The energy state of the tissue was calculated as the en ergy charge (Atkinson, 1968) : EC = [(ATP) + 0.5 (ADP)]12: (Ad). Brain metabolite levels in the six experi mental animals were compared to laboratory normal val ues previously obtained (Roald et a!., 1986) and to the levels in the three sham-operated dogs of the present study.
In the six animals prepared for induction of complete cerebral ischemia, preischemic (control) measurements of all monitored variables were taken over a 15 min period at 5 min intervals. Following 12 min of ischemia, mea surements were repeated at 5, 15, and 30 min post ischemia. At 45 min postischemia, normothermic mea surements were made in duplicate. Thereafter, femoral arterial blood was circulated through a heat exchanger maintained at 42.5°C and then returned to a femoral vein. Warming was supplemented with heating lights and blan kets. The parietal epidural temperature was increased to near 40°C and this required approximately 30 min. At 40°C, duplicate measurements were again taken. There after, the heat exchanger was cooled with ice water and the animal's brain temperature was returned to 37°C in about 15 min. Duplicate normothermic measurements were again taken followed by brain biopsies and termina tion of the study.
To analyze the data, we first determined that there was again no difference between the two ischemic methodol ogies in terms of postischemic CBP and CMR02 (see the Results section) and then combined them into a single group of Six postischemic animals. The dual set of nor mothermic values (taken at 37°C) that bracketed the sin gle set of hyperthermic values (taken at 40°C) were aver aged in order to minimize the effect of time on the mea surements. 
RESULTS
In the preischemic period, the control values for cerebral and systemic variables were consistent with our previous experience with normal dogs anesthetized with halothane (Tables 1 and 2). As expected, CBF was increased and CMR02 was de creased relative to normal unanesthetized values. As a result, CBF/CMR02 was increased to 25. In the postischemic period, there were no differences in the cerebral variables between the stagnant isch emic group and the bloodless ischemic group during either normothermia or hyperthermia ( Figs. 1-3) . Accordingly, the two groups were combined, as planned, into a single postischemic group for statis tical analysis. In the sham-operated dogs, control values at zero time were similar to the control val ues in the animals exposed to ischemia (Tables 1-3) . With time, CBF tended to decrease but cerebral metabolic values were unchanged. Except for temperature, there were no important differences between the measured postischemic physiologic variables during either normothermia or hyperthermia ( Table 4) . Hyperthermia was associ ated with a small increase in MAP and in blood lactate concentrations.
The cerebral effects of hyperthermia during the postischemic period are summarized in Figs. 1-3 and in Table 2 . While CPP remained unchanged, CBF increased in parallel with an increase in CMR02 and a decrease in CVR. As a result, the ratio of CBF to CMR02 remained unchanged at a mean value of 8 to 9. The change in CMR02 (and CBF) averaged 5-6%/oC. CMR g Jc followed a similar pattern as CMR02 with change in temperature.
The cerebral metabolites in the six experimental animals were compared to our laboratory normals and to the values in the three sham-operated (non ischemic) animals ( Table 5 ). As expected, the total adenosine pool was depleted by the ischemic epi sode, accounting for decreases in ATP as well as ADP and AMP. However, the energy charge was normal as was the concentration of phosphocre atine. There was also a small but significant in crease in brain lactate as well as an increase in brain glucose at the end of the study (�I 00 min post ischemia). The values in the sham-operated animals did not differ meaningfully from our established lab oratory normals (not tested statistically).
DISCUSSION
The delayed postischemic hypoperfusion state is readily demonstrable in the canine model used for this study. Typically, reperfusion following isch emia is initially characterized by a 10-15 min period of reactive hyperemia (CBF two to three times nor ma!), followed by a progressive decrease in CBF to less than 50% of normal that stabilizes by 30-45 min postischemia (Steen et aI. , 1978; Lanier et aI. , 1988) . In a previous study, we demonstrated, by indirect means, apparent coupling of CBF to CMR02 during this postischemic low-flow state (Michenfelder and Milde, 1990) . In that study, the ischemic period was varied from 3 to 18 min, result ing in large differences in postischemic CMR02. Despite these differences, the value for CBFI CMR02 was the same (8 to 9) for all of the dogs.
In the present study, we demonstrated by direct means that the delayed postischemic hypoperfusion state does not disrupt coupling of CBF to CMR02• By directly altering CMR02 in the postischemic pe riod with a nonpharmacologic intervention (temper ature), we minimized potential confounding influ ences of secondary effects that a pharmacologic in tervention might have introduced. The magnitude of change in CMR02 that we observed with the change in temperature of about 6%;oC is of the ex pected magnitude for normal brain (Siesjo, 1978) . Since CBF changed in parallel, the ratio of CBF to Pyruvate ("",mol/g) 0.10 ± 0.02 0.12 ± 0.01 0.11 ± 0.00 a From Roald et al. (1986) . * Significantly different from laboratory normals.
CMR02, although low, remained unchanged and was the same as that reported in our previous study (8 to 9). The normal value for CBF/CMR02 in the unanesthetized dog is 10 to 12 (Michenfelder, 1988) ; thus, although coupled to CMR02, the postisch emic CBF is still abnormally decreased. Unknown is whether this postischemic low-flow state is injurious to the brain and therefore whether it should be treated when encountered clinically. At least two calcium entry blockers (nimodipine and nicardipine) are capable of significantly increasing the postischemic CBF (Steen et aI. , 1983; Sakabe et aI., 1986) . However, neurologic outcome has been reported to be improved in animal models only with nimodipine (Steen et aI. , 1983 (Steen et aI. , , 1985 , thus suggest ing that the low-flow state is not, per se, contribut ing to the neurologic dysfunction. In addition, the increase in CBF produced by these two calcium entry blockers was not accompanied by any in crease in CMR02, suggesting that substrate deliv ery was already adequate in the absence of such treatment. Furthermore, in the present study and in all of our previous studies using these models, the postischemic oxygen tension of the sagittal sinus blood was well above the usually quoted critical level of 18 to 20 mm Hg (Steen et aI., 1978 (Steen et aI., , 1983 Lanier et aI. , 1988; Michenfelder and Milde, 1990 ), suggesting adequate oxygen delivery to match oxy gen needs. Similarly, it is noteworthy that postisch emic brain lactate concentrations progressively de crease over a 2 h period to normal (Steen et aI. , 1978) ; this is contrary to what should occur if aer obic metabolism is compromised. Finally, the pres ence of normal concentrations of phosphocreatine and a normal energy charge at the end of the present study reflects normal mitochondrial function and adequate oxygenation. All of this is consistent with the current demonstration of intact coupling of CBF to CMR02, and with the conclusion that the low-flow state is not adversely affecting neuronal func tion or metabolism.
It is also noteworthy that the changes in CMR glc qualitatively paralleled the changes in CMR02 with the changes in brain temperature. Quantitatively, the CMRgl c values should be viewed with suspicion since the potential error in the glucose measure ment technique (see the Methods section) makes accurate determination of arterial-venous concen tration differences difficult if not impossible. Isch emia and reperfusion did affect the brain glucose concentration that was approximately doubled at 2 h postischemia. The explanation for this observa tion is unknown but has been previously reported by us (Steen et aI. , 1978) and others (Ljunggren et aI. , 1974) .
It is important to note that the above consider ations are based upon observations of global func tion, metabolism, and blood flow and are limited to that portion of the brain that is drained by the sag ittal sinus. It is entirely possible that regional mi crovascular function is heterogeneously abnormal and uncoupled from regional metabolic needs in the postischemic period. Depending on the magnitude of such heterogeneous regional dysfunction, global methodologies might fail to detect the abnormality. If undetectable, however, the magnitude of such regional dysfunction must be minor, although pos sibly critical.
The present study again demonstrated that the method of inducing ischemia (bloodless vs. stag nant) had no impact on postischemic metabolism or blood flow. In a previous study (Lanier et aI. , 1988) , we were unable to duplicate the results in an earlier report (Neely and Youmans, 1963 ) that bloodless ischemia was better tolerated than stagnant isch emia and at that time we also looked for postisch emic differences in cerebral metabolism and blood flow. As in the present study, no differences were detectable.
In summary, the results of the present study sup port, in a direct fashion, the conclusion that canine postischemic CBP is determined by metabolic de mand.
